Antimicrobial resistance (AMR) is a major public health problem in India, and the nation's infectious diseases burden is among the highest in the world [1] . Public health systems in India have struggled to keep up with rapid economic growth and urbanization. Antibiotic availability without prescription and unregulated use are major drivers of resistance [1] . India led all nations in antibiotic consumption from 2000 to 2010 [2] . Stakeholders including the Indian government have recognized AMR as a major problem. From 2017 to 2021, India is implementing the National Action Plan on Antimicrobial Resistance to combat AMR and improve antibiotic use by doctors, consumers, and healthcare institutions [3] . The plan follows a call by the World Health Organization to member states to combat AMR [4] . Antimicrobial stewardship programs (ASPs) have been shown to improve antibiotic use and patient outcomes [5] [6] [7] . Currently, ASPs are rare and unstructured in India. However, the concept of supporting an ASP in acute care hospitals to curb AMR is gaining momentum [8] . We describe implementation of an ASP in a large, private tertiary care center in Southern India.
METHODS

Study Design, Setting, and Population
This was a single-center, quasi-experimental study done at an academic tertiary care referral center in the state of Kerala from February 2015 to January 2017 evaluating the impact of a new ASP. The 1300-bed hospital has 254 intensive care unit (ICU) beds with 13 ICUs (including surgical and medical units) and admits a high census of morbidly ill patients requiring critical care. The institutional Ethics Committee approved this study.
Deploying a Formal Antimicrobial Stewardship Program as the Intervention
In the preintervention period, "justification forms" stating indication for use of (colistin, polymyxin B, tigecycline, meropenem, ertapenem, doripenem, fosfomycin, vancomycin, aztreonam, and linezolid) were required to be completed within 24 hours by the treating doctor. These forms were submitted to the infection control team. The infection control team comprised a microbiologist, internal medicine physician, trained infection control nurses, and a medical administrator/physician. On receiving the justification forms, the infection control nurses collected relevant patient information and presented it to the team in a biweekly meeting for review of appropriateness. Feedback was provided via e-mail to the treating doctor based on the review by the infection. When indicated, de-escalation was recommended.
In February 2016, a formal ASP was created and included a physician/hospitalist, intensivist, microbiologists, clinical pharmacists, and an administrative champion. The ASP team reviewed and adapted content from the Infectious Diseases Society of America, Society for Healthcare Epidemiology of America, and the Centers for Disease Control and Prevention [9] [10] [11] for guiding principles of antibiotic stewardship. The ASP focused on postprescriptive audit with feedback and intervention and development of institutional guidelines. Updated institutional antibiograms were disseminated to all providers and were accessible on the hospital intranet. A list of "restricted" antimicrobials was generated based on previous antibiogram data (this included polymyxins B and E [colistin], carbapenems, glycopeptides, aztreonam, tigecycline, linezolid, fosfomycin, echinocandins, lipids/liposomal amphotericin B, and voriconazole). Double anaerobic coverage was targeted as a stewardship target as was appropriate dosing of polymyxins. To standardize dosing for colistin and polymyxin B, the ASP team established guidelines for loading dose and maintenance dose based on creatinine clearance [12, 13] .
Every weekday morning, data on patients who were receiving restricted antibiotics were obtained through the electronic medical record. Data abstracted from the electronic medical record included demographics, clinician notes, laboratory investigations, microbiology tests, imaging results, and drug details. The ASP team discussed these cases, the appropriateness of therapy for each case based on definitions stated in Table 1 . The team defined appropriateness using the "5 Rs" or Right drug, Right indication, Right dose, Right frequency, and Right duration. References for appropriateness included Infectious Diseases Society of America practice guidelines [14] [15] [16] , stewardship guidelines [17] , and standard treatment recommendations of antimicrobial therapy [18] [19] [20] [21] .
The ASP team reviewed clinical charts every weekday. Appropriate use was encouraged with positive feedback to providers. Inappropriate use was discussed with providers and coupled with a stewardship recommendation, which was filed in the patient's record and discussed with the care providers through phone or e-mail (Figure 1 ).
Outcomes
The pre-implementation phase was February 2015-January 2016 and post-implementation phase of ASP was February 2016-January 2017. The primary outcome was the cost of consumption of all the restricted antimicrobials audited by ASP team. The cost data was based on purchasing costs by hospital pharmacy. The hospital pharmacy negotiated the cost of antibiotics individually with the pharmaceutical retailer and sold it to the patients at the negotiated prices. All patients were required to buy antibiotics from the hospital pharmacy. Medications from outside pharmacies were not administered, as per hospital policy. The cost data for our analysis was obtained from the hospital pharmacy sales. Secondary outcomes included defined daily dose (DDD) per 1000 patient days to compare the consumption of antimicrobials [17] and compliance to recommendations filed by the ASP team. Data on de-escalation of antimicrobials based on microbiology results were also captured.
Statistical Analysis
Descriptive statistics were used to summarize the key outcome data before and after the implementation of ASP. Categorical variables were analyzed by χ 2 tests and continuous variables using Student's t test. SPSS version 17 (SPSS Inc., Chicago, IL) was used for all statistical analysis. 
Definition of Parameters Used for Assessing Appropriateness
Parameter Definition
Right indication [18] When the prescribed antimicrobial is the most appropriate selection in terms of the pathogen, if known, and the site of infection (eg, prescribing polymyxin B instead of colistin for multidrug-resistant Klebsiella pneumoniae urinary tract infection is considered inappropriate because polymyxin B does not achieve optimal concentrations in the urine)
Right drug [10] When the antimicrobial is the narrowest and the most effective option (eg, prescribing meropenem instead of ceftriaxone for pan-sensitive Escherichia coli in blood is considered inappropriate in a hemodynamically stable patient)
Right dose When the loading dose and maintenance dose of the prescribed antimicrobial is appropriate and accurate for the patient's diagnosis as per standard recommendations [19] (antimicrobials that required a loading dose for this study included colistin, tigecycline, polymyxin B, and caspofungin)
Right frequency [38] When the frequency of the prescribed antimicrobial dose is appropriate for the patient's diagnosis as per standard recommendations
Right duration When the prescribed antimicrobial has been administered for the correct duration based on the patient's diagnosis as per standard recommendations [19] [20] [21] A total of 48 555 patients were admitted during the post-implementation period, from February 1, 2016 to January 31, 2017. A total of 4613 (10%) patients received at least 1 antibiotic during their inpatient stay during this period. There were 1326 patient prescriptions for restricted antibiotics for 1020 unique patients during this period. The general characteristics of the patient cohort including the types of primary care team are described in Table 2 . Bloodstream infection (n = 395, 30%) was the most common focus of infection that required antimicrobial therapy, followed by urinary tract (n = 308, 23%) and skin and soft tissue infection (n = 307, 23%). Culture specimens were sent before antibiotic administration for 85% of the cohort. Seven percent of the cases had no positive cultures. The mortality per 1000 inpatients improved from 31.6 in the pre-implementation phase to 28.9 in the post-implementation phase. The average length of stay decreased from 6.6 days before establishment of ASP team to 6.4 days in the post-implementation phase.
Appropriateness of Antibiotic Therapy
Antibiotic therapy was determined to be appropriate for 56% (742) of the total patient prescriptions during the ASP implementation period. Appropriate prescriptions for restricted antimicrobials were present in 76% (300 of 395) of bloodstream infections, 73% (224 of 308) of urinary tract infections, and 69% (213 of 307) of skin and soft tissue infections. A total of 2776 instances of "inappropriate" antimicrobial prescriptions were recognized and intervened upon by the ASP team during the implementation period. The distribution of inappropriateness in antibiotic therapy is depicted in Table 3 . Eight hundred six instances of inappropriate duration (29%) in antimicrobial therapy accounted for the most common reason for inappropriateness. Inappropriateness in loading dose was also common with 272 (38%) instances observed among 710 antibiotic prescriptions that required a loading dose to be administered.
Compliance With Antimicrobial Stewardship Program Recommendations
Compliance with ASP recommendations was achieved among 318 (54%) of 584 total recommendations during the implementation period. The department of medical oncology (66%) and pediatrics (65%) recorded high rates of compliance to the ASP guidelines, whereas low compliance rates were noted for the departments of pediatric surgery (33%) and neonatology (17%).
Of the 490 prescriptions for which de-escalation of treatment was recommended, only 41% (201) complied with the recommendation. De-escalation of therapy was observed to be highest in the department of neonatology (60%), whereas the department of gastrointestinal surgery (20%) recorded the lowest rate of antibiotic de-escalation.
Impact of Antimicrobial Stewardship Program on Defined Daily Dose of Drugs
The total patient days for preintervention and postintervention period were found to be 308 040 and 311 640 days, respectively. By antibiotic class, the DDD per 1000 patient days declined in the postintervention period for polymyxins (34.03 to 28.16), echinocandins (1.8 to 1.6), linezolid (41.9 to 36.1), amphotericin B (13.9 to 12), whereas it increased for the carbapenems (Table 4) . Specifically for colistin, the DDD per 1000 patient days was reduced from 33.2 during pre-implementation phase to 25.18 in post-implementation phase ( Table 5 ). The increase in DDD of carbapenems was predominantly due to an increase in meropenem utilizations (13.3 to 71.2). 
Impact of Antimicrobial Stewardship Program on Cost of Consumption
The mean monthly cost for restricted drugs significantly dropped by 14.4% in the post-implementation phase of ASP in comparison with the pre-implementation phase (P = .03) (Figure 2 ). The total cost of consumption for colistin significantly decreased from Indian Rupees (INR) 28 349 685 (US $442 964) during the pre-implementation period of ASP to INR 22 975 459 (US $358 992) during the post-implementation period (P = .01). Similar declines in cost of consumption were also observed for amphotericin B, doripenem, and linezolid during the post-implementation period of ASP, although they were not statistically significant.
DISCUSSION
A multidisciplinary ASP was successfully deployed in this academic tertiary hospital in India. Evaluation of the program revealed a decreasing mean monthly cost of consumption of restricted antimicrobials and a decreasing trend of DDD of colistin. The savings were all transferred to patients because the predominant patient population pays "out of pocket". Other studies in areas with novel implementation of ASP have also shown cost-savings and reduced antibiotic consumption [7, 22] . Our data on DDD of antimicrobials revealed changes in antimicrobial consumption trends that could be explained by the interventions of the ASP team, changes to the hospital formulary, and physician prescribing habits. Polymyxin B was added to the formulary in the post-implementation period. Colistin's common side effects of nephrotoxicity and its relative expense in India make polymyxin B preferred by physicians in our center and likely contributed to its rise in DDD during the post-implementation period, whereas the DDD of colistin decreased. A similar opposing trend was also observed among carbapenems. Surgeons at our center tended to use several classes of broad-spectrum antibiotics empirically, but the ASP encouraged them to use meropenem based on institutional antibiogram data, possibly leading to the increase in DDD of this class while other classes decreased. The decrease in DDD of caspofungin with concomitant increase in anidulafungin was likely due to preferential use in patients who underwent liver transplantation and patient with signs of hepatotoxicity, preventing use of caspofungin.
This study helped identify ASP targets for the future and what outcomes to study in the future to improve patient care. Regulative measures such as written justification forms for restricted antimicrobials without further interaction, which were in place before the ASP was created, were largely ineffective. The reasons for ineffectiveness were multifactorial, including significant delays in reviewing the antibiotic justification forms, absence of interaction with the prescribing doctor within an actionable time frame after feedback, and lack of monitoring of compliance with feedback and duration of therapy. This signals that messaging in stewardship is important and is consistent with stewardship literature [5, 23] . Compliance with ASP recommendations was also surprisingly high, compared with published rates of compliance [24] , indicating that future directed ASP targets could have an even higher impact. Other literature has also shown that surgeons often are slow to adapt to standard ASP strategies [25] [26] [27] , so this is a potential future targeted ASP intervention. Another future target identified from this work is de-escalation of therapy. More than half of the time, prescribers did not narrow antimicrobials when it was possible to do so, despite culture data being available. De-escalation and duration are common stewardship targets and impact cost, antimicrobial consumption, and patient outcomes [28] [29] [30] . Despite having institutional guidelines for loading doses of meropenem and the polymyxins, 38% of the audited prescriptions were inappropriate in terms of dosing. This continues to be an ongoing target for our ASP, especially given the increasingly resistant Gramnegative infections seen in the patient population at this institution and broadly in Indian hospitals. Because AMR has been such a significant threat in India, stakeholders are interested in understanding gaps in training that could be worsening the problem. The Indian Council of Medical Research (ICMR) identified lack of trained clinical pharmacists as a gap in improving antimicrobial stewardship practices in India in 2015 [31] . Clinical pharmacists have an established role within hospitals as promoters of evidence-based medicine and cost-effective prescribing [32] . Having a clinical pharmacy training program in this institution facilitated the inclusion and mentoring of trained graduates in the ASP, which was novel. With clinical pharmacists driving ASP worldwide, our experience also confirms the success of a multidisciplinary model involving clinical pharmacists who utilize their expertise to optimize antimicrobial treatment to promote rational prescriptions and reduce inappropriate prescriptions [31, 33, 34] . Mandating multidisciplinary ASPs in acute care hospitals would be a wise next step for policy in India and would mirror antimicrobial stewardship policy work in the United States [1, 35, 36] .
This study has several limitations. First, the quasi-experimental nature of this study has inherent limitations. The infection control team had no new initiatives during the intervention period, which decreased this effect. Second, there are no standardized appropriateness measures for antimicrobial use. We used available best practice published work to come up with the definition of appropriateness used by our ASP and replicated measures that have been done in other stewardship work [37] . Third, this is the experience of a single institution that can limit generalizability, but it adds to the limited published work of implementation of an ASP in an environment where resistant Gram-negatives are part of the common ecological flora, and more work from these types of hospitals, particularly in India, are needed. Fourth, even before deployment of the formal ASP structure, restrictions for selected antimicrobials were in place, and, thus, the impact of the ASP interventions might have been greater, if data were available from a time before restrictions were in place and if we had more measures across time to help strengthen statistical findings.
CONCLUSIONS
In conclusion, this work demonstrated successful implementation of a multidisciplinary ASP team in a large hospital in South India, with economic benefits. The ASP effectively implemented several stewardship interventions including postprescriptive auditing and feedback and identified multidisciplinary stewardship champions. Our preliminary results with an ASP in India are encouraging, but a national effort to initiate, implement, and maintain ASPs in acute care hospitals needs to be studied in India. Clinical pharmacists were critical to the success of this ASP and were uniquely empowered in our center, which is an uncommon model in India. Further work empowering academic pharmacists to take part in antimicrobial stewardship in acute care inpatient hospitals in India should be undertaken.
